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A continuous record of surface temperature for the past 2650 years was obtained in an earlier study from a Beijing stalagmite 
based on sedimentary layer counting and thickness measurements. Singular spectrum analysis, multi-taper and wavelet spectral 
analyses are used in this study to identify decadal-scale signals and their origins in this record. Besides long-term cycles of solar 
origin identified in earlier studies, this record contains cycles that dominate temperature with periods of 102–70, 66–50, 31, 25–22, 
19, 15, 12 and 9 years. The 102–70, 25–22, 12 and 9 year cycles are attributable to solar variation, while the others are likely to be 
related to low-latitude ocean forcing. These results suggest that century-scale changes in the Beijing summer temperature over the 
past 2650 years are primarily controlled by solar variation, while ocean-atmospheric interactions play a prominent role in modu-
lating decadal-scale variability. 
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Although humankind are thought to have played an important 
role in the increase in the global surface temperature over the 
past century, understanding natural climate variability in the 
past few millennia is critical for evaluating future climate 
scenarios [1]. Towards this end, climate records with annual 
resolution and accurate chronology are of particular value to 
explore climate signals on the century to decadal time scales. 
Using instrumental temperature records and Northern 
Hemisphere temperature proxies to form an age model, var-
iations in the numbers and thickness of annual layers in a 
stalagmite near Beijing have been shown to have continuously 
documented the variability of surface temperature of the 
Beijing warm season for the past 2650 years [2] (Figure 1(a)).  
Some of the century-scale cycles in this record have al-
ready been reported [2]. Mostly attributed to solar changes, 
they are likely to be correlated with the North Atlantic ice- 
rafting cycles, suggesting a solar-coupled connection be-     
tween the East Asia and North Atlantic climates [3]. The 
shorter term oscillatory signals in this stalagmite have al-     
ready been discussed [4,5]. However, because the time span 
of the record has now been extended, and the thickness da-
taset calibrated (by removing the non-climatic sedimen-      
tary trends), a new analysis is necessary [2]. 
The aim of this work is to analyze the century to decadal 
signals in this temperature record using singular spectrum 
analysis (SSA) and multi-taper (MTA) and wavelet spectral 
(WSA) analyses. Analysis of the decadal variability is em-     
phasized. The potential origins of these signals, which help 
our understanding of the factors driving summer tempera-     
ture in the mid-latitude continents, are also discussed. 
1  Data and methods 
The 2650 year temperature record analyzed in this study 
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Figure 1  Stalagmite record of warm-season temperatures for the past 
2650 years in Beijing with spectral features added. (a) Original warm- 
season temperature reconstruction (gray line) [2] with the thick line repre-     
senting non-linear and low frequency trends (the first principle component, 
PC1). The top of the record corresponds to 1985 AD. (b) Multi-taper spec-     
trum of the warm-season temperature time-series. The three horizontal 
lines indicate the 99%, 95% and 90% confidence limits, respectively. 
was reconstructed from a stalagmite in the Shihua Cave 
(39°47′N, 115°56′E) near Beijing [2] (Figure 1(a)). The site 
is located within the East Asian monsoon zone, and the top 
of the time series corresponds to 1985 AD. Annual layer 
thicknesses of the stalagmite show a high consistency with 
the instrumental record of warm season temperature (May, 
June, July and August in Beijing) [2]. The reconstructed 
time series is also in good agreement with the other tem-     
perature proxies from the Northern Hemisphere, confirming 
the climate significance. The dataset is available at http:// 
www.ncdc.noaa.gov/paleo/datalist.html.  
SSA is a nonparametric method that allows non-linear 
trend filtering, to decompose climate signals by overcoming 
the problems of finite sample length and noise. It does not 
do this by fitting an assumed model; rather, it uses a data 
adaptive base set [6]. It also allows the reconstruction of 
main climate signals. The method is particularly efficient 
when combined with other techniques and has been widely 
used in paleoclimatic studies [7–10]. In this study, MTA 
[11–13] and WSA [14] are used to explore the spectral fea-     
tures of the relevant SSA components.  
2  Results and discussion 
Figure 1(b) shows an MTA spectral analysis on the tem-    
perature record [2]. There are clear century-scale frequen-    
cies at 341 and 102–70 years. Several peaks on the an-     
nual-scale are also detected, all of them are over the 95% 
confidence level. There are clear decadal-scale signals in 
the original data, but they are mostly below the 95% confi-    
dence level, (Figure 1(b)).  
Using SSA to remove the influences of noise, non-linear 
and low frequency trends, the time series was decomposed 
with a window-length of 80 (M=80), the Burg covariance 
estimation [13], and Heuristic significant tests [6]. The 80 
principle components (PCs) so obtained are plotted as the 
rank of their relative powers in Figure 2(a). It is clear that 
the first 10 PCs (PC1-10) contain most of the signals and 
account for approximately 60% of the total variance. The 
Kendall test for trends at 95% significance suggests that the 
first principle component (PC1) contains non-linear and low 
frequency trends (Figure 1(a)). A reconstruction using 
PC(1-10) and the PC(2-10) are shown in Figure 2(b) and  
(c), alongside the original data. 
WSA on PC1 shows a strong period centered at a fre-     
quency of 340 years (Figure 3(a)). A period between 600 
and 800 years is also clear. Thus, mainly century-scale cy-    
cles are contained in PC1 representing approximately 36% 
of the total variance. Their presence is relatively consistent 
over the past 2650 years. 
WSA on PC2 (Figure 3(b)) and a reconstruction using 
PC(2-10) (Figure 3(c)) show clear signals at a frequency of 
11 years. Strong decadal signals are observed within the  
 
Figure 2  SSA decomposition and reconstructions of the time series. (a) 
Ranks of powers for the 80 SSA PCs; (b) reconstruction of PCs PC(1–10) 
(thick line) versus the original data (gray line); (c) reconstruction of PC(2–10) 
(thick line) versus the original data (gray line). 
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Figure 3  Continuous wavelet analysis [14] of (a) PC1, PC2 (b) and the 
reconstruction using PC(2–10) (c). The thick black contour designates the 
5% significance level against red noise and the cone of influence (COI) 
where edge effects might distort the picture is shown as a lighter shade. 
frequency band between 100 and 15 years. With the excep-     
tion of the clear signals ranging between 100 and 70 years, 
discrimination of other cycles is difficult (Figure 3(c)). This 
indicates the presence of several quasi-oscillatory compo-     
nents that intervene at the decadal-scale. 
For a detailed examination of these decadal-scale signals, 
MTA analyses were performed on a reconstruction using 
PC (2–10). Explicit peaks at frequencies of 15, 12 and 9 
years were resolved (Figure 4), as well as a series of peaks 
ranging between 100 and 17 years (all over the 99% confi-     
dence level). Apart from the peaks ranging between the 100 
and 75 year bands, and a peak at 25 years, other individual 
peaks were hard to distinguish. However, an F-test [15] at 
95% significance on the harmonic peaks with respect to the 
background noise reveals several more prominent frequen-    
cies shown by the reshaped peaks in the MTA spectrum 
(Figure 4). They are located between 66 and 50 years, 
around 31 years, and between 20 and 17 years.  
 
Figure 4  MTA spectrum of the SSA reconstruction using PC (2–10). The 
three horizontal lines from the top to the bottom indicate the 99%, 95% and 
90% confidence limits, respectively. 
Examination of individual PCs using WSA reveal a 
strong quasi-period of 100–70 years in PC2, (Figure 3(b)), a 
quasi-period of 65–50 years in PC3 and PC4, 30 years in 
PC5, 25-years in both PC6 and PC7, 22 years in PC8 and 
PC9, and a cycle of 11 years in PC10. A clear signal cen-    
tered at a frequency of 9 years is also present in PCs 7–9. 
Most of these quasi-cycles are present near-continuously 
over the past 2650 years. 
In summary, there are two main century scale periods, 
one at 600–800 years and, another at 340 years. These long- 
term periods were previously identified by simple power 
spectral analysis [2] and were caused by solar variations 
[16]. Their constant presence over the past 2650 years (Fig-    
ure 3) indicates that the long-term temperature changes in 
Beijing have been predominantly driven by solar variations. 
Temperature signals at the decadal-scale are mainly con-    
tained within PCs 2–10, and account for 25% of the total 
variance. Clear periods of 100–70, 66–50, 31, 25–22, 19, 15, 
12 and 9 years were detected (Figures 3 and 4). The cycle at 
100–70 years mainly resides in PC2, which accounts for 
8.2% of the total variance. This is probably attributable to 
the Gleissberg cycle of solar variations, frequency ranging 
between 100 and 70 years [17–20], centered about 88 years. 
The 25–22, 12 and 9 year cycles are also associated with 
solar cycles [21,22]. These indicate that solar variation was 
also one of the drivers for the decadal-scale variability of 
warm season temperature in Beijing over the past 2650 
years. 
However, the cycles at 65–50, 31 and 15 years do not 
seem to be directly associated with solar changes. The sig-     
nals at 65–50 years were reported from the records of the 
Pacific Decadal Oscillation (PDO) [23–26], while periods at 
30–35 years were observed for the ENSO oscillation and 
typhoon cycle [27–31]. The cycle at 15 years has not been 
reported frequently, but was identified in typhoon records 
[29], suggesting again a tropical oceanic origin. 
We do not attempt to analyze the physical processes 
linking these low-latitude ocean signals with the tempera-     
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ture changes in the monsoon region. However, the presence 
of such climate signals in the Beijing temperature record 
clearly indicates the impacts of ocean-atmosphere interac-    
tions in modulating the decadal variability of summer tem-   
perature in the mid-latitudes. This interpretation is sup-    
ported by modern observations [32–36], consistently show-    
ing the influences of tropical SST on the East Asian mon-    
soon climate. 
Our results show the clear impacts of both solar varia-    
tions and ocean-atmosphere interactions on the warm season 
temperature changes in Beijing over the past 2650 years. 
Because both solar and ocean changes are not strictly oscil-    
latory, but quasi-oscillatory [37], the integration of these 
two kinds of signal over time leads to a complex picture of 
decadal scale the temperature changes.  
3  Conclusions 
Based on SSA, MTA and WSA techniques, we have ana-    
lyzed the 2650-year stalagmite record of the warm season 
temperature in Beijing. The results show clear quasi-cycles 
of 600–800 years and 340 years. These signals are mostly 
attributable to solar variation, and hence, suggest that cen-    
tury-scale changes in the warm season temperature in Bei-    
jing are primarily linked to solar activities. 
At the decadal-scale, clear quasi-periods at the 100–70, 
65–50, 31, 25–22, 15, 12 and ~9-year frequencies were 
found. Some of these signals are clearly linked with the 
solar forcing while the others are related to the tropical 
oceans. These indicate that, besides the obvious solar im-     
pacts, ocean-atmosphere interactions have played an impor-    
tant role in driving the decadal scale temperature changes in 
Beijing over the past 2650 years. The integration of these 
two kinds of signals over time led to a complex picture of 
decadal-scale temperature changes. 
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